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The critical temperatures and critical magnetic fields have been determined
for a series of superposed normal and superconducting films. Both Cu-Sn and Au-Sn
samples were investigated. The samples were prepared by vacuum deposition methods
or by electroplating. Thicknesses of the On films ranged from 160 R to 2700 R.
The dependence of the critical temperature Tc of the multiple film on normal metal
thickness is compared with recent theories. Experimental evidence is given that
the observed effects are true proximity effects, caused by the free exchange of
electrons between the two metals and that metallic diffusion alone is not respon-
sible for the observed phenomena. The critical magnetic fields of both single and
multiple films are compared with the microscopic theories. It is shown that at fields
near the critical fields with the multiple film still superconducting the gap function

Z&(E) and the magnetization are negligibly small on the normal side of the film.
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I. INTRODUCTION

If & thin specimen of a superconducting metal is in intimate contact with a
normal conducting metal (or another superconductor which is still in the normal
state at the temperature in question), the value of the critical temperature Tc is
lower than the value for the superconductor alone. Many recent experimentslm8 have
investigated this phonomenon and several theoretical explanations have been

6,7,9-12 7511 14 deGennes'® have shown that such a proximity

proposed. Werthamer
effect should exist due to a change in the gap-function LS(E). The value of'[i(zz
is altered in the superconductor due to the presence of the normal metal and takes
on a non-zero value in the normal side. The lowest eigenvalue of their equation
for z&(x) gives the value of Tc for each sample. In general l&(zg is a function
of the megnetic field and goes to zero at the critical magnetic field Hc. Since

[&(52 is altered by the presence of a normal metal, Hc also should vary as a function

of the thickness of the normal metal.

(parallel to the film)

e 2 T D

In this peper we present our results of the determination of Tc and Hcﬁfor
thin multiple film samples. Our samples were made by vacuum deposition of the metals
on glass substrates. Resistance measurements were used to determine Hc as a function
of temperature. 'To obtain meaningful data in this way, it was necessary to mechan-
ically trim the sample edges, assuring a constant film thickness. Thus each sample

was at room temperature for a short time, causing some unavoidable diffusion between

the two metals.

In section II we present the experimental procedures used for fabricating the
samples and for determining the resistance, Tc’ and Hc of each sample. Section III
discusses the resistances of each set of samples showing the effects of diffusion.

In section IV we present the data for Tc and show the effects of diffusion and of




the proximity of the normal metal on the value of Tc' Section V then treats Hc

both for single and composite films. The results are snalyzed in terms of the
theories of deGenneslh and deGennes and Tinkhaml3 which provide a rigorous treat-
ment of-the critical field of alloyed thin films, and which are known to agree quite

15

well with experiment.

II. EXPERIMENTAL PROCEDURES

A. Samples

The samples were prepared in a high vacuum evaporctor. Tin was chosen as the
superconductor and both gold and copper were used as the normal metal. The thickness
of the Sn films, ds’ was in the range of 160 g to 2700 R. The thickness of the
normal metal, dn’ ranged from 0.1 ds to 1.0 ds. Because of the high values of Hc for
the thinnest samples, Hc was only determined for the larger values of ds. For all
films investigated the magnetic transition was of second order, i.e. A(r) went to

zero continuously as H approaches Hc' This is the usual case treated by theoriesl3’lh’l6

The samples were made in the shape of an "H" by placing a metal mask in front
of the substrates. This gave a film of uniform thickness except for the penumbra
around the edges, which was removed by trimming each side with a scalpel. To control
the resulting diffusion between the two metals, a special evaporator was designed to
produce an entire set of multiple samples at the same time. The value of ds was
held constant and & was varied for each sample of the set. The thermal history of

n
all samples in a set was kept identical.

It was possible to produce a set of eight composite films, one Sn film as well
as a separate series of small single films, the latter to be used for the optical

determination of the thicknesses.17 With a slight modification, four composite films,




four single normal films and one Sn film could be made. The metals could he
evaporated in either order, but in general it was better to deposit the normal

metal first, where different thicknesses were achieved by moving a shutter, and then
to deposite a constant layer of Sn. This insured that each sample was exposed to the

radiation from the molten Sn for the same length of time.

b

The metals were evaporated from molxgenum heaters each of which was shielded to
permit outgassing of the metals in the molten state. The substrates were cut from
commercial microscope slides, cleaned with methanol in an ultrasonic cleaner and
clamped against a brass block in the evaporator. Springs made of phospor bronze
maintained thermal contact between the glass and the brass block which could either
be cooled with liquid nitrogen or heated with a Nichrome heater. The temperature of
the block was monitored with & thermocouple. A liquid helium cold trap was positioned
between the sample holder and the pumping line. It reduced the partial pressures of
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02, H2, and 002 which are known to influence the critical fields of thin films.

The total pressure during evaporation was less than L x 10_7 torr..

During deposition the substrate holder was cooled with a constant flow of
liquid nitrogen. The resulting crystal size was about 800 2 for ds = 1000 f. For
the case of the Cu-Sn samples, the films would crack if both metals were deposited
consecutively onto the cold subststrates. It was necessary to anneal the Cu films
at 200 °C for a few minutes before recooling the substrates for the deposition of
Sn. The total time for the heating and recooling was L5 minutes. For the Au-Sn

samples this procedure was not necessary and the two films were deposited consecutively.

After the evaporation was completed, helium gas was admitted into the vacuum
chamber to warm the samples to room temperature. They were then removed and stored

in liquid nitrogen. They were later brought back to room temperature, two at a time,
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trimmed and mounted in the experimental cryostet. The total time at room temp-

erature was always between 90 and 120 minutes.

For purposes of comparison, two additional methods were used for making
samples. One set was made by vacuum deposition of eight Sn films and then gold was
electroplated onto each. A gold cyanide solution (Baker & Co. No 319) was used with
a plating current density of 5 ma/cmz. A second set was made by first depositing
four identical composite films in the evaporator. Then various amounts of gold were
removed electrolytically in a potassium cyanide solution. The current density was

again 5 ma/cme. We shall refer to these as "polished samples.”

In all 12 sets of samples were prepared. Dn~tails about their resistances,

o)
critical temperatures and the measured values of HC(T) can be found in the thesis.l’

B. Measurements

parallel to the applied mapgnetic fieldy
The samples were mounte%*}n a niobium field coil which had overwound ends and

was capable of providing a field of h000 Oe with a uniformity of better than 0.1%
over the volume occupied by the samples. Since the critical fields, Hc, of our

samples were always quite large the earth's field was not compensated.

The field coil was mounted in the inner vessel of a double Dewar cryostat.19 A
high capacity pumping system lowered the temperature of the inner vessel to O.BOK,

while the outer helium bath cnuld be pumped down to 1.2%K.

The temperature of the inner bath was determined by vapor pressure measurements,

or, at the lowest temperatures, by a calibrated carbon resistance thermometer.

Both Tc and HC(T) were determined by observing the resistance transition from
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the normal to the superconducting state and were defined as the point of S0% of the
normal resistance. The critical field transitions were plotted with an x-y recorder

and were reversible as expected for second order transitions. The value of TC was

‘also checked by extrapolating the HC(T) data to zero field. H, was determined to

vithin 2%, while T_ was determined to * 0.0l %k,

The resistance of the samples was measured with a four terminal network and
precision potentiometer. A Leeds and Northrup DC microvolt amplifier was used for

finding the null position.

The thickness of each film was determined by using fringe shifts of equal
chromatic order.17 The single films which had been made during the production of
the samples were removed from the evaporator and within a few minutes were covered
with a thick layer of aluminum in another evaporator. The subsequent measurements
determined each thickness to an accuracy of #30 R. TFor films thinner than 150 Ra
calibration of thickness vs. time of evaporation was used. We estimate that these

values are accurate to 20%.

Figures 1 and 2 show some typical data for our samples. Figure 1 shows the
reduced critical temperature‘v = TC/Tcs as a function of dn for Cu-Sn samples. Tc
is the critical temperature for the composite sample and Tcs is its value for the
single Sn film. The behavior in general is what is found by other investigators.
The slight differences will be discussed later. Figure 2 shows Hc(T) vs. T2 for
8 set of Au-Sn samples. It shows the general behavior that was found for these

samples namely, Tc decreases and Hc(o) increases as dn is increased. The temp-

erature dependence of Hc(T) is that expected for thin films with limited electronic

mean free paths.



IIT. RESISTIVITY

We found that the resistive properties of our multiple films were quite dif-
ferent from those of single films. The electronic mean free path £ in the composite

samples was greatly reduced below the value in a bare Sn film where 5'”(¢S .

Figure 3 shows the resistance at 4.2 °x inll/sq of a set of samples as a function
of the total thickness 4 = dS + dn of the two films. Thus the Sn film with dn =0 is
plotted at 4 = TT5 f. The resistance increases very rapidly as dn increases, showing
quite clearly that diffusion has taken place between the two metals. The resistance

then begins to decrease as dn is further increased.

It is clear that the values of the resistivities g fof single films are useless
for an analysis of our data. We have therefore used the following method to deduce
a reasonable value of § andl for our samples. On the same plot we have drawn a
family of curves which give the resistance indl/sn vs. film thickness for a material
characterized by a bulk mean free path Ecand the constant(&,&,= 1.12 x lo-lI\LLontz.
The curves were calculated using Sondheimer's relationgl for diffuse scattering. The

22,23

value of the constant gct@ is an average value that can be used for Sn and

Au with an error of sbout 10%.

The point for the single Sn film has a value of eowhich is approximately equal
to ds. As gold is_addéd the resistance increases and the effective value of {,
decreases until it remains constant at approximately 60 X. It seems reasonable to
assume that for these last samples 60 R should give a good estimate for 2,, in both
films. For the samples with small dn the value of lLshould be a good estimate in
the Sn but not necessarily in the Au. For thicker tin films, ds 1000 R, the final

value of Zo is much larger, about e,-'- 2003.



If (?c(<6\ then the actual mean free path Z is equal to L’a . For Zd\'d we can

use the relation

[: f(,e,, /g (1)

This expresses the fact that the product ge is approximately a constant for a given

metal. The value for ¢ is taken as §= R:, (Ol5+ Oln) (Note that R), is indY/sq).

IV. CRITICAL TEMPERATURES

The theories of de(‘zennes12 and Wertha:nerT’ll give the following two relations

for Tc of a composite sample,

tn (Toyi)= KD 5 0 Of/T)-J (£ @
and

Nf'k tan (ko) N fK danh(yddy) (3)

the latter follows from the boundary conditions at the interface of the two metals.
Here Tcs and Tcn are the transition temperatures of the individual films and N is
the density of electron states at the Fermi surface of each metal. The function /((z)

is given by
Fe)= Y22 = (=) (1)

where '\f is the di%gaxmna Function, and ?,: is given by

fo= (ko l /émhy 't_)f (s)

where VF is the Fermi velocity, [ is the electronic mean free path in each metal
and k; is the Boltzmann constant, the subscript i refers to either n (normal) or s

(superconducting) metal.

Assuming that Ton™ 0 and using the expansion for’f (z) in reference 11 we find




that (2) becomes

(t/6.)7T t (6)

5
1

. 1
~\X .
ke=(2/ BT 5 K
where T=T /T .
C cs P

Here ?;is normalized to T = 1 and the relation fi='§& C'L has been used. The

quantities k, describe the variation of 13(59 in each metal.

Combining equations (6) and (3) then gives

(1) F () iy
T 2N . Tan (hy dl)

This is not an explicit equation for T since kn and ks each are functions of T .

In addition both ki andf; are functions of /and thus change from sample to sample.
To avoid these difficulties, we focus our attention near T = 1 where kS and dn'are

small. Expanding the right hand side of (7) to first order gives
TEL Nndn_

-7
=T _ 8
T Y Nsel, (8)

From Eq. (8) we obtain for the initial slope of the curves of Fig. land 5°

o L, A)
(AO‘,,_/A'C‘)_&' = — = T/f ol (9)

The initial slope is determined by the ratio of the density of states in the two

metals and the thickness of the superconductor.

In Figure 4 we have plotted _(Adu/éla% , Vs d, for both Cu-Sn and Au-Sn
samples. The two straight lines represent the slope (h/n?) (Ns/Nn) for both com-

binations, where we have used the relation (Ns/Nn) = (y;[y;), Y veing the coefficient

of the electronic specific heat;Eh’25 &Zn = 1.09 x 103

3 erg/deg2 cm3, and.X%u = 0.688 er,ﬂ,/deg2 cm3. The agreement gets poorer as ds

erg/deg2 cm3, &zu = 0.730 x

10

increaszs which is in part due to the expansion of tan(ksds).

Next we wish to discuss the effects of a change in 2. If we look again at figurei



we see two types of behavior. The curves for large ds show that in the limit
of large dn Yassumes a constant value. The curves for small. ds‘,however, do not
show any limiting behavior. DeGennes has pointed out that both behaviors should
be expected depending on whether the film thickness is larger or smaller thanf .

For 4 s> fn ; he shovs that T drops rapidly and goes to zero for some finite value
b 9

of d . Ford < & the value of T reaches a limiting value as d-—><%
n n,s n,s n

With this in mind we have investigated the relative magnitudes of ds and fs

for our films. By rewriting equation (5) using the relation

v d = (ky /)" /4 (10)

we find

(3 2
b= (rrly /65T) oyl
1 (11)
For our Sn films we have used a value for { as discussed in Sec. III and
rs n as for Fig. 4. We have assumed that r does not change appreciably due to im-
purities. With these assumptions, ds was found to be smaller than FS for ds = 1608.

Thus we do not expect to see a limiting value for T in agreement with Fig. 1.

The curve for ds = 510 ® shows an interesting behavior. The level portion is
followed by a slight drop. The resistance data indicated that Z for the last two
points was larger than for the preceeding two points. This indicated that the
behavior of £ changed from one form to the other. We found that fs ~ 400 s for the
level position and that it rose tofs/\, 460 & for the final two points. Although
both values are smaller than cls = 510 R it still seems most likely that the drop

in T is due to the increase off <

Figure 5 shows T vs. dn for some Sn-Au samples. One set, which is of

particular interest, consists of the "polished' samples discussed in Sec. II. If



the majority of the effects seen for conposite films were due to diffusion or alloy
formation at the metal interface, then remeing gold from the outer face would have
little or no effect on the value onY. If a proximity effect exists, then the total
amount of gold is important. Data points for these "polished" samples (which all

had the same thermal histories as our other samples) are shown by the Sqﬁares.

The value of T increases as Au is removed and the curve compares very well with

the data for our other samples.

This proves unambiguously that we are observing a proximity effect as predicted
by theory. However, T is not a simple function of dn since‘f changes from sample
to sample due to the changes iIl[. A more detailed analysis of the critical temp-

does not seem to-b

e
eratures theref&ﬁ? G%rtnwhile.

V. CRITICAL MAGNETIC FIELDS

A. Single Sn Films

In addition to multiple samples, the critical fields Hc of single Sn films were

investigated. Since all our samples are "dirty" superconductors we will use the

L
recent theories of deGennesl and deGennes and Tinkhaml3 to discuss our results.

For a "dirty" superconductor in a magnetic field, deGennes has shown that at

the nucleation field Hc(T)’ Al({) is the samllest eigenfunction of the equation

-3V = (/g AT AW = (/D) 40 G2)

- 10 -



and that the eigenvalue £, has a temperature dependence given by

inlist)=XY{eh /2nkgT ) (13)

~where;T?z) is the function we discussed in Section IV. In these equations

[

D = (1/3)VF?, gﬁo is the fluxquantum he/2e and £ = T/T_, where T_ is the critical

temperature of the sample ond T is some lower temperature.

Neart = 1, fn(1/t) ~ C and we can again expand}((z) as we did before. This
gives

€= (8ke T/ H)(1-¢)
<D (lh)

Then Hc(t) can te found by solving ecuation (12) for Qo which is a function of H.

26

Equation 1l then gives the temperaturc derendence neary t = 1.

5
'

. . )
t can be shown that&jo/D is equal to l/&(t) . vhere f(t) is the coherence

J
distance as a function of temperature. If %(t) << G, the film thickness, surface

superconductivity exists up to a field HC3. In this casc EO = 0.59 (EEDH/gz) giving

i o - WA .._.
and near t = 1, the temverature dependence is linear. For d‘gg (t), deGennes and
Tinkham consider two cases. TFor Case I where {< ¢ < f (t), they find é; = (2n)2DH2d2/l2¢g

giving

H (£)< (672 /) (kT /A 2) 5(¢ /) (i-t) %
(16)

For Case II, d<{ < % (t) andég =712v%H2d3/16¢62 giving
i 3, 1
H, ()= (s /n?) (;‘fgn/’&tp)l(‘?o/d 2)(-t)* (17)
In both cases Hc(t)c(,(l—t)l/z'

To decide which expression of Hc(t) is appropriate for our data, we plotted

1
Hc(t) both as a function of (1-t) and (1-t)“. Figure 6 shows the plot of Hc(t) vs.

- 11 -




t/lc

L . .
(1-t)“. fThe data near t = 1 give a scries of straight lines forA various samples.

A corresponding plot of Hc(t) vs. (1-t) clearly showed that Hc3 is not observed for

_ L
our films. This result is not surprising since in the region of t = 1, }:(t)oc (1-t) .
By staying close enough to t = 1 the condition d<€ (t) can be satisfied. We observed

for some very dirty samples, that a linear temperature dependence existed for t < 0.95,

All our Hc data for both single and multiple films were plotted vs. (l—t)% to
insure that they were all in the proper limit and to check the observed values of Tc
by extrapolating the curves to I = 0. Since all the curves are linear at t = 0.96,
we chose this value of I, to be compared with equations (16) or (17) i.e. we defined

*
Hc = nc(o.96).

To analyze our Hc data for single Sn films it is necessary to know the ratio

* 1.
of ¢/a. For 2/d<l, Hc should be plotted as a function of d y 2. For bra> 1

-3/2
the appropriate plot would be as a function of d 3/ . The resistances indicate that

for all the single films 2‘01 making it necessary to look at both functional dependences.

With this in mind we rewrite ecquations (1¢) and (17) as

d’o i s T 11.1~ i‘_
Hﬁ):«,wl@)’(.-w gt ) Ly o)

for £ /a <1 and

() E !
He (¥)= dezf )l(f—t)L = /’Léf; (3*5 () (1-¢)

for {/d> 4, where we use the relation fo = 0.18 (r/k,T ) and Eq. (10). The

(19)

numerical constants are grouped into the factors 0(1 = 0.65, 0(2 = 0.86,/51 = 1,53,

/52 = 2,03, with/‘/d= 2.36 for both cases.

*
It Hc is plotted as a function of re- /d then all those samples with £/a< 1
should fall on a universal curve, while those with t’/d)l should scatter somewhat,

depending on their individual {/d ratios. Fig. Ta shows that indeed 4 samples fall




on the same éurve (the lower one) and an inspection of their resistances (see Eq. 1)
shows that for these t/dn(lu Plotting Hc* as a function of Ci-3/2 should reverse
the situation, all those samples with a/f > 1 should fall on a universal curve while
those with d/f <1 should scatter somewhat, depending on their individual /4 ratios
Fig. Tb, however, shows that all sample points fall on the same line. This indicates
that accidentally the Z/d ratios og thg:Zroups of samples are fairly uniform and

of such a value to give a single curve on this plot, one being ¢/d = 0.72, the other
f/d = 1.10. Using the value of&%n'as given above and of T, = 3.80 %K we find from

the slopes of the curves of Fig. ? aﬂz 0.52 and &, = 0.61 in reasonable agreement

with the values of the constants listed above.

The curves of Fig. 7 can then be used to find the values of Z/d from Eq. (19)
or (20) respectively and, with the thickness of the film, the value of the electronic

mean free pa.the .

In table I the values of £ obtained in this fashion are compared with those

obtained from the resistivities, using Eq. 1.

- 13 -




Sample

L, (R)
{ ()
de (R)

Table I:

1 2
1250 850
1320 850
1200 1180

Electronic mean free paths

for single tin films

830
828

1150

Qa = 9040 /9), with ¢ & =1.05 x 16" Dem?

l =

b

1100
1100

1000

564
558

T75

760
715
990

value calculated from HC(T) data using equations (18) and (19) respectively.

- 14 -




B. Multiple Films

For the case of multiple films the solutions (16) and (17) should not hold
exactly, since the restriction on A(r) to derive equation (12) (that it be constant)
Asa .
is no longer valid. In addition, the solution for Eb involves boundary conditions

for A (r) which are different for the two cases.
Ade

In our experiment, since we measure the sample's resistance, we do not observe
any change until the magnetic field has caused the energy gap to fall to zero in
both metal films. Since the energy gap is much smaller in the normal side, it is
most likely that it can be zero there while a non-zero value remains in the supeé-

conductor.

Under these conditions the assumption that Zk(zl is a constant in the super-
conductor and that 4 E{) = 0 in the normal metal may be a good one. For the case
of a constant A;gi), the problem of different boundary conditions is of no importance.
And in particular the boundary conditions play no role in the solution given by
equation (16). For all our composite samples £/d < 1, therefore we will proceed
to present our results using equation (16) or more conveniently equation (18). Since
the value of Tc changes for each composite sample we move TE to the left side of Eq. (18)
and we plot Hc*/Tcl/2 as a function ofgi/ds. The thickness d, end not d =d_+d

S n

is used because of our assumption that A (r) = 0 in the normal side. As before ¢
A

is given by Rh(ds + dn).

In Figure 8 we show the data for two sets of Au-Sn films. (One set is plated
and the other is evaporated.) For both, ds is about 1200 R. The curve with the
larger slope has approximately the slope corresponding to/5,= 1.23 for pure Sn with

l/d«(l in Fig. Ta. The open points are the single Sn films and have been.

- 15 -




corrected for their value of‘g. They both had f/d) 1 and thus were corrected to
fit the curve for{/d'<14 The majority of the points are better fitted by a curve
with/%l = 0.95, again assuming thatd’ does not change appreciably from its value

for Sn.

Considering the approximations; that have been made, as well as the fact that
both Tc and g exhibit large changes, one is encouraged to think that the critical
fields of multiple samples can be handled by an equation such as (18). The reason
for a difference in slope is not clear although it may be connected with the fact

that for the samples on the lower curve (« d while (+d for the others.

VI. CONCLUSIONS

The measurements on the "polished" samples prove unambiguously that a proximity
effect exists and that the lowering of the critical temperatures of multiple films

is not primarily due to metallic diffusion.

Diffusion is certainly present in the experiments. It influences Tc and HC(T)

in as much as it changes the electronic mean free path

The critical fields of multiple films agree fairly well with the following model:
Near H, the gap function A(r) - as well as the magnetization are negligible small in
AAA~

the normal side of the film.
The multiple film then behaves like a single film,of thickness ds,of the
superconducting part alone with the value of the electronic specific heat approximately

that of the pure metal, the critical temperature Tc of the mul+ivnle film,

and an electronic mean

free path ¢ of the multiple film.

- 16 -




The fact that dS and not dn + ds is important is in agreement with measurements

of the microwave absorption in gold films plated onto bulk tin.27’28
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Fig.

Fig.

Fig.

Fig.

Fig.

Fig.

Figure Captions

1‘

Reduced critical temperature T = TC/Tcs as a function of normal film
thickness dn with superconducting film thickness ds as a parameter. Cu-Sn

films, vacuum deposited.
Critical fields of a set of gold-tin films as a function of Tg.

Resistance at 4 °K (in {}/sq) as a function of total film thickness d = d_+d
for a set of vacuum deposited Au-Sn films. For comparison a family of curves
are drawn for a material with {OZO = 1.12 x lO_lldlcm2 with bulk electronic

mean free path eo as a parameter,

[i.m— (—Adn/AT;) as a function of d_.
Tos) 8

C Cu-Sn films
A Au-Sn films

Reduced critical temperature T'= TC/TCs as a function of dn for Au-S5Sn samples.
o vacuum deposited Au-Sn samples

& Sp-Au samples where gold has been removed by electrolytic polishing.
Critical fields HC(T) plotted as a function of (l—t)% for the same set of
Au-Sia samples shown in Fig. 2. The numbers on the curvesrefer to the noranal

metal thickness dn.

*
Critical fields Hc = Hc(t = 0.96) for single Sn films.
a.) as a function of ¢ /d

b.) as a function of d_3/2

- 18 -



‘ L
Fig. 8. Critical fields H;/;‘E =H (t= 0.96)/‘9 for two sets of multiple films
(o]

as a function of {g—/dﬂ.
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